Introduction
Boom clay, a tertiary clay formation located at a depth of between 190 m and 290 m in Mol (Belgium) was selected as a potential host formation for the disposal of High Level and Long lived radioactive Waste (HLLW). An underground facility called HADES (High-Activity Disposal Experimental Site) excavated at 223-m depth close to the city of Mol was constructed in order to study the feasibility of High Level radioactive Waste (HLW) disposal in the Boom clay layer. Since construction in 1980, many experimental investigations have been made under both laboratory and field conditions, showing on the whole satisfactory capacities of sealing and healing under complex thermal, hydraulic, mechanical (THM) loading.
The thermo-mechanical behaviour of Boom clay has been widely investigated in the laboratory, mostly by performing temperature controlled high pressure triaxial tests (Baldi et al. 1988 , 1991 , Neerdael et al. 1992 , De Bruyn and Thimus 1995 , Bernier et al. 1995 , Del Olmo et al., 1996 Belanteur et al. 1997 , Sultan et al., 2002 . Dilation was observed when heating the soil at low isotropic stresses or high over-consolidation ratio (OCR). Under high isotropic stresses (or low OCRs), heating first induced dilation and then contraction. Physically, saturated clays expand when heated. As the thermal expansion coefficient of water is much larger than that of the surrounding soil skeleton, the resulting restriction on water expansion yields an increase in pore water pressure (Britto et al. 1989) . As a result consolidation takes place, leading to thermal contraction. The thermal consolidation of Boom clay was investigated by Delage et al., (2000) . The effects of temperature on shear strength properties have been found to be strongly dependent on the volume changes induced by heating . It has been shown that the thermal softening related to the decrease of water-clay interactions due to heating can be globally balanced by the volume decrease due to thermal consolidation. As far as constitutive modelling is concerned, the first elasto-plastic model taking into account the effects of temperature was reported by Hueckel and Baldi (1990) (see also Hueckel and Borsetto 1990) . The model was afterwards modified by Picard (1994) who adopted a simpler exponential expression for the variations of isotropic yield stress with temperature. Based on a deeper examination of the experimental results from various authors (Paaswell 1967 , Campanella and Mitchell 1968 , Plum and Esrig 1969 , Demars and Charles 1982 , Houston and Lin 1987 , Baldi et al. 1988 , 1991 , Eriksson 1989 , Tidfors and Sällfors 1989 , Towhata et al. 1993 , proposed a multi-mechanism model able to account better for the effect of OCR on the volume change behaviour of clays under heating.
Time-dependent phenomena are significant in deep clays in many underground geotechnical problems (Giraud & Rousset, 1996; Bastiaens et al., 2007) in relation to both the effects of pore water dissipation and of the soil skeleton viscosity. Towhata et al. (1993) , Akagi & Komiya (1995) and Shimizu (2003) observed that heating accelerated both the consolidation and the secondary compression of saturated clays. Based on experimental data, Burghignoli et al. (2000) suggested that a better understanding of the thermomechanical behaviour of clays could be achieved by explicitly accounting for the viscosity of the soil skeleton.
Few experimental results concerning the effect of temperature on the time-dependent behaviour of deep clays are available in the literature. De Bruyn & Thimus (1996) performed an undrained heating test on Boom clay at a constant heating rate of 0.5°C/min from 30°C to 75 °C and then kept the temperature constant at 75°C. They recorded a continuous increase in pore-water pressure, even under constant temperature conditions. Unfortunately, the high hal-00377786, version 1 -23 Apr 2009 heating rate applied (0.5 °C/min) and the short time duration after heating (about 45 min) did not permit clear identification of the creep phenomenon.
The present work aims at investigating the time-dependent behaviour of Boom clay under both thermal and mechanical loading. A high pressure thermal triaxial device was developed for this purpose (allowing confining and deviator stresses up to 32 MPa, and temperature control between 25 °C and 100 °C). Samples were saturated under the in-situ mean effective stress conditions to avoid any swelling. The tests started with constant rate thermal and/or mechanical consolidation and ended with isobar heating and/or isothermal compression, at a constant rate or in steps. Based on the experimental results, the effects of loading rate, heating rate and temperature on the volume change behaviour are analysed.
Material and sample preparation
The Boom clay specimens were extracted at a depth of 223 m in the Underground Research Facility (URF) of Mol, Belgium. As noted by Horseman et al. (1987) and commented on by Burland (1990) , the Boom clay is geologically lightly overconsolidated. However, the yield stress of Boom clay is larger than the pre-consolidation pressure owing to creep and diagenesis, resulting in a significant overconsolidation ratio OCR = 2.4. Table 1 (Decleer et al., 1983; Al-Mukhtar et al., 1996) presents the mineralogical composition of Boom clay. The clay fraction is dominant (50% to 62% < 2 µm). The geotechnical properties are shown in Table 2 . Note that the natural water content measured on samples varies in a wide range between 25% and 30% although in-situ measurements in the URF gave an average value of between 24.5% and 25.5%. It should be mentioned that the natural water contents measured in the laboratory are strongly dependent on the quality of the samples sealing and of the age of the samples. The samples tested by Coll (2005) had a water content of between 22% and 24% whereas the samples studied in this work ranged from 19.5% to 21.6% (see Table 4 ). The plasticity index of Boom clay is quite high, being between 37% and 50%, making Boom clay a high plasticity clay according to Casagrande's classification. Table 2 also gives values of the angle of internal shearing resistance as well as the hydraulic conductivity confirming that Boom clay is a stiff clay of low hydraulic conductivity (10 -12 m/s).
Soil blocks taken during the excavation of the connecting gallery were cut into 85 × 40 × 40 mm sub-blocks which were then machined using a lathe to a cylinder of 38-mm diameter and 76-mm height. A synthetic water having a chemical content similar to the in-situ pore water (see Table 3 ) was used in the tests in order to minimize any chemical perturbation.
Experimental methods

Testing device
A testing device allowing high-pressure triaxial compression tests at controlled temperature was developed (Figure 1 ). The system comprises an auto-compensated triaxial cell (Sultan 1997) able to sustain a confining pressure of 60 MPa. The soil specimen is installed between two initially dry porous stones to avoid any swelling. The specimen is enveloped by two membranes (0.6-mm thick and 37 mm in diameter) in order to avoid any leakage due to membrane tearing. Both the cell base and the cap are connected to two ducts that allow proper hal-00377786, version 1 -23 Apr 2009
saturation of the top and bottom porous stones by flushing. A pressure transducer was installed outside the cell for the pore water pressure measurement at the top.
The confining pressure and the back pressure are applied by two pressure/volume controllers (GDS). A heating coil is placed on the outer wall of the cell and the temperature is measured by a thermocouple installed inside the cell, near the soil sample. A temperature regulator is used for the temperature control. The back pressure is measured by the GDS connected to the sample and by the pressure transducer connected to the top of it. During a test, the soil volume changes are measured by monitoring the water volume changes of the back-pressure GDS. The ambient temperature is controlled at 25 °C. All water ducts are made of steel and are immersed in water baths regulated at 25 °C.
Experimental procedure
As explained above, careful saturation of the samples was carried out prior to testing, as described in Figure 2 . After mounting the soil sample on the pedestal with dry porous stones, a confining pressure of 100 kPa was applied at a temperature regulated at 25 °C. Once the cell volume change (measured by the GDS) stabilised, the confining pressure was increased at a low rate of 0.5 kPa/min to 2500 kPa with valves opened and no pore water pressure changes recorded by the bottom GDS and the top pressure transducer. In such conditions, the sample is subjected to a mean effective stress close to that in-situ, estimated at 2.5 MPa by Horseman et al. (1993) with a K 0 = 0.8 (see also Delage et al. 2007 ).
Once the soil volume stabilised under 2500 kPa, the sample was put in contact with water under a pressure of 100 kPa at the bottom after flushing the porous stone with the top drainage valve still opened (no pressure recorded by the top pressure transducer). During this stage, the volume of water penetrating the sample was monitored by the back-pressure GDS while sample volume change was monitored by the confining pressure GDS. After about 8 days, water injection was performed at the top of the sample in a similar fashion (giving rise to a 100 kPa pressure recorded by the pressure transducer as indicated in Figure 2 ). In this stage, the confining pressure was also increased by 100 kPa. Afterwards, simultaneous increases of both the confining pressure and the back pressure were then applied in steps of 250 kPa (except for the first step from 100 kPa to 250 kPa) till reaching a confining pressure of 3500 kPa and a back pressure of 1000 kPa. The difference between the confining pressure and the back pressure was hence kept constant and equal to 2500 kPa, the mean in-situ effective stress. The Skempton coefficient B was determined during the last step with average values close to 0.92 obtained.
Testing programme
Once saturated, the samples were subjected to thermal and/or mechanical loading by increasing temperature or confining stress either at a constant rate or in steps. Table 4 and Figure 3 summarise the heating and loading paths followed. Table 4 also gives the void ratio values at the initial state and after saturation process described above (water injection and loading to 2.5 MPa mean effective stress). In tests 3, 8, 11, and 13, the samples were loaded at 25 °C from an initial effective mean stress of 2.5 MPa to respectively 10, 3.5, 4, and 3.5 MPa. In test 13, the sample was then heated from 25 to 76 °C at a mean stress (confining pressure minus back pressure) of 3.5 MPa, whereas in test 11, the sample was In the isothermal tests at 25°C, volume changes were satisfactorily measured from the water exchanges monitored by the GDS for back pressure. This was no longer possible during the heating test because of the thermal dilation of the soil constituents as well as that of the system (water in the tubings and in the cell). The correction proposed by Campanella & Mitchell (1968) was applied. This correction considers the free water in the soil and gives the following expression of the volumetric strain ε v obtained during a drained heating test:
(1) where ∆V dr , V w , V s and V are respectively the volume of drained water, pore water, solid skeleton and soil sample; ∆T is the temperature change; α w and α w are respectively the thermal expansion coefficients of water and of the solid skeleton. In low-porosity plastic clays, Baldi et al. (1988) suggested considering the effect of adsorbed water by using the double-layer diffuse theory. They considered that the pressure of adsorbed water is exponentially decreasing with the distance between the water molecule and the clay platelet. Delage et al. (2000) analysed the experimental data obtained on Boom clay and concluded that the simpler method of Campanella & Mitchell (1968) was satisfactory for describing the volume change of Boom clay in a heating test. This method was adopted in this work for calculating volume changes.
During sample saturation, soil volume changes were monitored by the confining-pressure GDS, particularly under constant confining pressure. Figure 4 presents the swelling observed in tests 3, 7, 8, 13 when samples submitted to a 2500 kPa confining pressure were put in contact with water. Swelling measurements were deduced from the water exchanges between the cell and the confining pressure GDS. Note that the time duration in each test depended upon the swelling evolution. This stage was stopped when swelling started stabilising. Stabilisation seems to be reached in tests 8 and 13 but not in the two other tests. The magnitude of swelling observed ranges from 0.8% (test 8) to 2.3% (test 13). This is suspected to be related to the difference in sample disturbance during preparation. Examination of the curves of Figure 4 shows a comparable swelling rate for all samples.
Experimental results
Soil volume change during the saturation stage
The observed swelling is comparable to that obtained by Coll (2005) who saturated natural Boom clay samples (initial water content w = 22 -24%) under an effective isotropic stress of 2.3 MPa and observed a magnitude of swelling smaller than 4%. Interestingly, Coll (2005) also found after a period of time of two weeks a continuous swelling at a rate of 9×10 -9 s -1 very close to that of test 13 (8×10 -9 s -1 ).
It appeared to be difficult to saturate the sample by water injection from the base because, even after one week, no water flux was observed on the top of the sample. Zhang et al. (2007) hal-00377786, version 1 -23 Apr 2009
observed the same phenomenon on Opalinus clay and attributed it to the pore clogging due to soil swelling.
Figure 5 presents the changes in water volume monitored by the confining-pressure GDS (dV CP ) and by the back-pressure GDS (dV BP ), together with the changes of the confining pressure (P CP ) in test 3. The negative sign for dV means that the controllers lost some water (volume decrease for dV CP and water adsorption for dV BP ). During swelling, water entered the sample (dV BP increased). It was observed that the volume of water adsorbed by the soil was much larger than the soil's swelling, the latter being close to zero. This difference shows that the adsorbed water mainly served to fill the existing voids occupied by air, thus saturating the soil.
At each subsequent increase of back pressure and confining pressure, dV CP shows an instantaneous decrease followed by an apparent stabilization. As expected, the recorded instantaneous dV CP decrease corresponded exactly to the deformability of the system evaluated during a calibration test using a metallic dummy sample. The water penetration from the back-pressure GDS (dV BP ) seems to be more progressive: during the first stage at P CP = 2600 kPa, about 140 hours were needed to reach stabilisation. The stabilisation time is shorter with higher pressure. During the two last steps, the stabilisation was almost instantaneous, indicating that the soil was fully saturated with all voids filled by water. Figure 6 presents the results of test 3. After being saturated, the soil sample was loaded and unloaded at 25 °C following a cycle: 2.5 -10.0 -2.5 MPa. As proposed by Sultan (1997) , a loading and unloading rate of 0.5 kPa/min was applied. The maximum mean stress (confining pressure minus back pressure, p') of 10.0 MPa was maintained for 100 hours. After unloading to 2.5 MPa, the pressure was kept constant for 150 hours. The volumetric strain shows that the soil sample kept compressing at the end of the loading path (10.0 MPa) and kept swelling at the end of the unloading path (2.5 MPa), evidencing a significant time-dependent behaviour. This ongoing variation of volumetric strain can also be observed in Figure 7 that presents the volumetric strain and void ratio versus either p' (Figure 7a ) or log p' (Figure 7b) . Table 5 , together with the corresponding test conditions.
Mechanical and thermal volumetric behaviour
The isothermal consolidation can be investigated by considering the loading stages in tests 3, 8, 11, 12, 13 and 15. Figure 8c shows two relatively similar e-logt curves obtained at 25 °C on the one hand after a step loading compression (2.5 to 3.0 MPa) and on the other hand after a compression at constant rate of stress -2 ) after loading to 10.0 MPa at a constant rate of stress of 0.5 kPa/min (Figure 8a ). This appears to be due to several factors: i) a higher loading rate, ii) a higher applied stress (10.0 MPa against 3.5 MPa), iii) a larger loading interval (2.5 MPa -10 MPa against 3 -3.5 MPa) because of the likely time dependency of pore water pressure generation. Furthermore, as opposed to the stress of 3.5 MPa, the stress of 10.0 MPa is higher than the pre-consolidation pressure estimated at 5 MPa (see Coll, 2005 and Delage et al., 2007) . This can be also a reason for the larger volumetric strain rate coefficient observed in test 3.
A lower stress rate was applied in test 11 (0.1 kPa/min) when increasing p' from 3.5 to 4.0 MPa at 25 °C (Figure 8d performed at 25 °C, is significantly higher than the others. As mentioned above, this can be explained by the relatively high stress rate applied during compression (0.5 kPa/min), the high stress level (10 MPa) and the large loading interval.
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The thermal consolidation behaviour can be analysed by considering the heating stages in test 7 (Figure 8b ), test 11 (Figure 8d ), test 12 (Figure 8e ), test 13 ( Figure 8f ) and test 15 ( Figure  8g ). In most cases the curves exhibit a compression behaviour under heating (tests 7, 11, and 13). However an expansion was observed in tests 12 and 15 under low temperature steps: 40 and 55 °C in the case of test 12 and 39.4 °C in the case of test 15. Interestingly, this expansion was observed at a low pressure of 2.5 MPa. Figure 8 shows that the volumetric compression rate is dependent on the temperature value, the higher the temperature, the higher the compression rate. Taking test 13 (Figure 8f ) as an example, the curve becomes steeper when temperature is higher. An exception is observed in test 11 (Figure 8d ) in which the curve at 39.5 °C appears to be steeper than that at 52.6 °C. This can be explained by the fact that heating from 39.5 to 52.6 °C was performed at a constant rate of 0.28 °C/h, whereas heating from 25 to 39.5 °C was applied in one step (see Table 5 ). In the former, part of the consolidation would have been achieved during constant heating whereas in the latter, the e-logt curve reflects the whole consolidation process. 
Discussion
Sample saturation
As proposed by Delage et al. (2007) , the soil specimen was submitted to a confining pressure close to the in-situ effective mean stress (2.5 MPa) prior to any contact with water. This procedure significantly decreased the swelling observed when the soil was put in contact with water. A similar observation was also made by Coll (2005) during sample saturation under an effective isotropic stress of 2.3 MPa. This specific saturation procedure reduces the soil swelling and thus any related microstructure changes. Nevertheless, as seen in Figure 4 , swelling was not completely eliminated and it can be as large as 2.3%. In addition, the magnitude of swelling was not the same for all the samples tested. One could conclude in a first approach that the applied 2.5 MPa effective stress was not high enough. However, after comparing the initial water contents of the tested samples (19.5 to 21.6%) with that of soil in situ (24 to 25%, see Delage et al., 2007) , it seems probable that soil drying during sample transport, storage, trimming in lathe machine etc., would be the cause of the swelling
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observed. Note also that the stress applied in the cell was isotropic, which is not the case insitu.
Mechanical volumetric behaviour
The ongoing contraction under constant pressure observed once loading is completed in isothermal compression tests can be related either to a too high stress rate that did not allow total pore pressure dissipation or to creep and related microstructure reorganisation. After an isothermal (25°C) compression at a high stress rate up to a higher stress (0.5 kPa/min from 2.5 to 10.0 MPa), a much larger volumetric strain rate coefficient (
-2 ) than that obtained after a compression at lower rates (0.2 kPa/min and 0.1 kPa/min) to lower stress (3.0, 3.5 or 4 MPa) was observed ( t d d v log ε close to zero). At first sight, this difference is believed to be due to higher loading rate, higher stress level and larger loading interval. The results also suggest that at a low temperature of 25°C, loading to a stress lower than the pre-consolidation pressure (5 MPa) at a rate lower than 0.2 kPa/min results in negligible volumetric strain rate coefficient. In other words, there was complete dissipation of pore water pressure in this case. This observation obviously requires confirmation by performing a test with pore water pressure measurements within the soil sample.
Thermal volumetric behaviour
Thermal expansion of the samples was observed under low effective stress (2.5 MPa) and low temperatures. By contrast, thermal consolidation was observed under higher effective pressures (3.5 and 4.0 MPa) and higher temperatures. Taking the pre-consolidation pressure of Boom clay equal to 5.0 MPa, an over-consolidation ratio (OCR) of 2 is obtained with p' = 2.5 MPa. Hence, the heating tests in which contraction and thermal consolidation was observed (3.5 MPa and 4.0 MPa) correspond to smaller values of OCR (1.40 and 1.25 respectively). This is consistent with the results of Plum & Esrig (1969) who observed a volume decrease on a remoulded illite in the normally consolidated state (OCR = 1) or slightly over-consolidated state (OCR<1.7). Conversely, they reported a volume increase with OCR higher than 1.7. A similar OCR effect was also identified on Boom clay by Baldi et al. (1988) , and Sultan et al. (2002) .
As Table 5 indicates, a heating rate of 0.28 °C/h was applied in test 7 (from 25 to 76 °C) and in test 11 (from 40 to 53 °C). In test 7 a t d d v log ε value of 7.48×10 -2 was recorded whereas in test 11 a much smaller value of 0.78×10 -2 was recorded. This difference clearly shows the effect of temperature on the volumetric strain rate coefficient. The relationship between t d d v log ε and temperature level can be described by an exponential function (Figure 11 ).
Conclusions
An experimental investigation was carried out on Boom clay using a testing system allowing high-pressure isotropic compression tests at controlled temperatures. Seven tests were performed by following various loading or heating modes (constant rate or in steps) and
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various loading and heating paths. Emphasis was put on the volumetric strain rate coefficient evolution at constant effective pressure and constant temperature. The following conclusions can be drawn from the results obtained. i)
Because soil samples have lost some water during transport, storage, preparation etc., water infiltration under a mean effective stress close to the in-situ value (2.5 MPa) can give rise to some swelling, with a maximum observed value of 2.3%. It is however expected that after this swelling the soil sample state approached that of the soil in situ because for clays as stiff as Boom clay, the volume change due to wetting-drying can be considered approximately recoverable. ii) A significant effect of stress and temperature on the volumetric strain rate coefficient was observed. Regarding the effect of the loading rate, the results showed that at a low temperature of 25°C, loading to a stress lower than the pre-consolidation pressure at a rate lower than 0.2 kPa/min resulted in negligible volumetric strain rate coefficients for Boom clay. That suggests a complete dissipation of pore water pressure in this case. This point should obviously be checked by performing more tests under similar conditions (same void ratio, larger range of loading rates and heating rates) with pore water pressure measurements within the soil samples. iii)
When heated, Boom clay exhibited either a volume increase or a volume decrease, depending on the OCR value and temperature range. Thermal consolidation occurred under small OCR conditions whereas thermal expansion occurred under large OCR conditions. iv)
After low-rate loading or heating stages, the ongoing volume change under constant pressure or constant temperature, respectively, can be mostly related to creep. This is not the case in quick loading or heating tests, particularly for step loading or heating tests. In the latter case, the separation between consolidation and creep makes it necessary either to perform some back analysis of the results or to carry out some thermal or mechanical tests with pore pressure measurements in the soil sample.
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